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The 23-kDa protein (p23), encoded by the 39-proximal gene of the RNA of Citrus tristeza virus (CTV), was overexpressed
in Escherichia coli fused to the maltose-binding protein and purified by affinity chromatography. Gel retardation and UV
crosslinking assays demonstrated that p23 has the ability to cooperatively bind single-stranded RNA in a non-sequence-
specific manner. Formation of the p23-RNA complex was dependent on the conformational state of p23 and on the presence
of a basic region, but the complex was stable at high salt concentrations, suggesting that interactions other than those
between the negatively charged RNA and the basic region of p23 are involved. Competition assays showed that the affinity
of p23 for single-stranded and double-stranded RNA was similar but considerably higher than for single-stranded and
double-stranded DNA. By use of a series of artificially generated mutants, the RNA-binding domain of p23 was mapped
between positions 50–86, a region containing several basic amino acids and a putative zinc-finger domain. Additional
p23-derivatives lacking the conserved residues presumably involved in coordinating the zinc ion showed RNA-binding
activity, but with an apparent dissociation constant higher than the wild-type protein. These conserved residues might confer
binding specificity or increase binding stability in vivo. Within the Closteroviridae family, p23 is the only protein characterized
so far showing RNA-binding activity. © 2000 Academic Press
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Citrus tristeza virus (CTV), a member of the Clos-
terovirus genus, has a single-stranded, positive-sense
RNA genome of 19.3 kb that is approximately 3.8 kb
larger than that of the Beet yellows virus (BYV), the
type species of the genus. Analysis of the CTV RNA
sequence has revealed 12 open reading frames
(ORFs), potentially coding for at least 17 polypeptides
(Pappu et al., 1994; Karasev et al., 1995) (Fig. 1A). The
9 ORFs 1a and 1b, which include the replication-
ssociated proteins, are expressed directly from the
enomic RNA. ORF 1b may be expressed via a 11
ribosomal frameshift, producing a fusion protein of
approximately 400 kDa containing two papainlike pro-
tease plus methyltransferase, helicase, and RNA-de-
pendent RNA polymerase domains (Karasev et al.,
1995). The 10 ORFs located in the 39 half of the ge-
nome are expressed through a set of 39-coterminal
subgenomic (sg) mRNAs (Hilf et al., 1995). These in-
clude genes encoding a small hydrophobic protein of
6 kDa, a 65-kDa homolog of the HSP70 heat-shock
proteins, the minor and the major coat proteins of 271 To whom correspondence and reprint requests should be ad-
ressed. Fax: 34-96-3877859. E-mail: rflores@ibmcp.upv.es.
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462and 25 kDa, respectively, and several other proteins of
unknown function. Within the latter, the 61- and 20-kDa
proteins are closely related to the 64- and 21-kDa
proteins of BYV, respectively, but the 33-, 13-, 18-, and
23-kDa proteins are unique to CTV (Pappu et al., 1994;
Karasev et al., 1995).
The ORF coding for the 23-kDa protein, hereafter
referred to as p23, is adjacent to the 39 untranslated
region (UTR) of the CTV RNA (Fig. 1A), and its corre-
sponding sgRNA (p23-sgRNA) is the second most
abundant in infected plants (Hilf et al., 1995). In Nico-
tiana benthamiana and navel orange protoplasts, the
p23-sgRNA accumulates earlier than the other
sgRNAs, being the most abundant at the beginning of
the infection and the second in latter stages (Navas-
Castillo et al., 1997). However, the amount of p23
detected in infected citrus tissues does not appear to
be as high as expected from the p23-sgRNA levels
(Pappu et al., 1997). The function of p23 is still un-
known and the deduced amino acid sequence does
not show any significant similarity to any sequence in
databases (Pappu et al., 1994), but the presence of a
cluster of positively charged amino acid residues
(Dolja et al., 1994), and of a putative zinc-finger domain
(Lo´pez et al., 1998) is typical of regulatory proteins.
Thus, p23 presents similarities with a group of small
d to th
463RNA-BINDING PROPERTIES OF THE CTV p23 PROTEINcysteine- and in some cases histidine-rich proteins
also located at the 39 termini of the genomic RNAs of
four genera of plant positive-sense RNA viruses (hor-
dei-, furo-, tobra-, and carlaviruses) (Rupasov et al.,
1989; Koonin et al., 1991). They are expressed from
sgRNAs (Jackson et al., 1983; Boccara et al., 1986;
Gilmer et al., 1992; Gramstat et al., 1994), and some
have been detected in the cytoplasmic fraction of
infected cells (Niesbach-Klo¨sgen et al., 1990; Donald
et al., 1993). Sequence comparisons of these proteins
FIG. 1. (A) Diagram representing the CTV RNA genome with the
representation of the wild-type and mutated forms of the MBP-p23 fusio
of the mutated forms refers to the deleted regions of p23 (horizontal line
proposed zinc-finger domains are denoted by dark and gray bars, resp
basic region, with the cysteine and histidine residues presumably boun
Numbers refer to the amino acid sequence of p23.revealed no significant similarity between them (Koo-
nin et al., 1991), but the arrangement of cysteine andhistidine residues is compatible with the formation of
zinc-finger-like structures (Morozov et al., 1989).
In view of the similarities existing between these
proteins and CTV-p23, which in subcellular fraction-
ations has been found predominantly in the cytoplas-
mic fraction of infected tissue (Pappu et al., 1997), we
have considered the possibility that it may be an
RNA-binding protein with a potential regulatory role of
the viral cycle and/or pathogenesis. In this study we
present evidence showing that p23 indeed interacts in
reading frames according to Karasev et al. (1995). (B) Schematic
in, with their ability to bind ssRNA indicated at the right. Nomenclature
een bars) or to amino acid substitutions (capital letters). The basic and
y. (C) Structure of the proposed zinc-finger domain and of its adjacent
e zinc ion encircled, and the basic amino acids marked with asterisks.open
n prote
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ectivelvitro with RNA and report experiments aimed at iden-
tifying its RNA-binding domain. In the context of these
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464 LO´PEZ ET AL.properties, the possible functional role of p23 is dis-
cussed.
RESULTS
Expression and purification of CTV-p23 protein and
its mutated forms
To obtain p23 in suitable amounts for in vitro studies,
the cDNA corresponding to the complete p23-ORF of the
T36 isolate of CTV (Fig. 1A) (Pappu et al., 1994) was
loned into the E. coli expression vector pMal-c2 to
generate a fusion protein between the E. coli maltose-
binding protein (MBP) and p23 (Fig. 1B). Analysis by
SDS–PAGE of total proteins from bacterial cultures 3 h
postinduction revealed the accumulation of a protein
with the mobility expected for the 65-kDa fusion product
(MBP-p23), that was absent in the protein profile from
bacteria transformed with the empty vector pMal-c2,
which codes for a 52-kDa protein (MBP-b-gala; data not
shown). The affinity of MBP and its fusion products for
amylose allowed quick purification of MBP-b-gala and
BP-p23 (Fig. 2, lanes 2 and 3, respectively).
The series of deleted forms of MBP-p23, obtained by
emoving the basic domain (MBP-p23D50–66, 63 kDa),
he putative zinc-finger domain (MBP-p23D67–86, 63
Da), both together (MBP-p23D50–86, 61 kDa), and an
nternal fragment near the C-terminal region (MBP-
23D98–171, 57 kDa) (Figs. 1B and 1C) gave rise to fusion
roducts with electrophoretic mobilities consistent with
heir sizes (Fig. 2, lanes 4 to 7, respectively). The elec-
rophoretic mobilities of other MBP-p23 forms containing
horter deletions or point mutations were not affected
Fig. 2, lanes 8 to 10).
n vitro RNA-binding properties of CTV-p23
Electrophoretic retardation in nondenaturing poly-
FIG. 2. SDS–PAGE analysis of the purified MBP-p23 fusion protein
and its mutated forms in a 12% gel stained with Coomassie blue. Lane
1, protein markers with their size in kDa indicated at the left. Lane 2,
MBP-b-gala. Lane 3, wild-type MBP-p23. Lane 4, MBP-p23D50–66.
ane 5, MBP-p23D67–86. Lane 6, MBP-p23D50–86. Lane 7, MBP-
23D98–171. Lane 8, MBP-p23D67–72. Lane 9, MBP-p23C71A/H75L.
Lane 10, MBP-p23C68A/C71A.crylamide gels was the first approach used to study the
nteractions between the recombinant MBP-p23 and
w
oNA. Incubation of increasing amounts of MBP-p23 with
constant amount of 32P-labeled transcripts exhibited an
“all-or-none” behavior consistent with a cooperative bind-
ing of p23 (Fig. 3A), in which more than one molecule of
MBP-p23 is bound per RNA molecule (Citovsky et al.,
1990). These experiments were performed with RNAs
obtained by in vitro transcription from five different tem-
plates: four were sequences corresponding to the 59 and
39 terminal regions of both CTV genomic RNA and its
complementary strand, and the other one was a nonviral
RNA sequence from the avocado chloroplastic accD
gene. The MBP-p23 fusion protein showed similar bind-
FIG. 3. Gel retardation assay of MBP-p23 protein by nondenaturing
PAGE in a 5% gel. (A) Increasing amounts of MBP-p23, indicated at the
top, were incubated with a radioactive ssRNA probe (10 ng). (B) Binding
specificity of MBP-p23. Lane 1, ssRNA probe (10 ng). Lane 2, MBP-p23
(2 mg). Lane 3, MBP-p23 (2 mg) heated at 65°C for 15 min before
incubation with the ssRNA probe (10 ng). Lane 4, MBP-b-gala (2 mg).
Lane 5, BSA (2 mg). Quantification of radioactive bands was performedith a bioimage analyzer. Positions of the RNA-protein complex (C) and
f the free RNA probe (P) are indicated at the right.
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465RNA-BINDING PROPERTIES OF THE CTV p23 PROTEINing profiles in all cases, clearly showing that RNA-bind-
ing was sequence independent (data not shown).
To exclude the possibility that the interaction observed
between MBP-p23 and RNA could be an artifact of the
specific experimental conditions used, MBP-b-gala and
ovine serum albumin (BSA) replaced MBP-p23 in con-
rol gel retardation experiments (Fig. 3B). No retarded
ands were observed with 2 mg of any of the two control
roteins (Fig. 3B, lanes 4 and 5, respectively), as op-
osed to the situation observed when the same amount
f MBP-p23 was used, in which a retarded band was
etected (Fig. 3B, lane 2). Furthermore, pretreatment of
BP-p23 at 65°C for 15 min before adding the RNA
robe reduced the binding activity by 60%, suggesting
hat this activity is determined by the native p23 confor-
ation.
The interaction observed was actually between MBP-
23 and RNA, and not the result of contaminant E. coli
roteins accompanying MBP-p23, because when a reac-
ion mixture containing MBP-p23 and a radioactive RNA
as crosslinked by UV irradiation and then treated with
Nase, SDS–PAGE analysis of the nuclease-resistant
ore revealed a labeled polypeptide with a mobility sim-
lar to that of MBP-p23. Conversely, no labeled RNase-
esistant products were detected in control experiments
ith MBP-b-gala or BSA (data not shown). UV crosslink-
ing assays also indicated that MBP-p23 behaved simi-
larly to p23 released by cleavage (data not shown),
providing a base for using the intact fusion protein to
study the RNA-binding properties of CTV-p23.
Influence of ionic conditions on the in vitro binding
activity of CTV-p23
The analysis of the hydropathy profile and the distri-
bution of acidic and basic residues revealed that the
N-terminal region of p23 has a net positive charge. In
particular, the pI of the fragment delimited by positions
29 and 155 is 10.99 (Lo´pez et al., 1998). To evaluate how
he RNA-binding ability of p23 was dependent on elec-
FIG. 4. Relative binding of MBP-p23 to ssRNA as a function of the
NaCl concentration. Protein-RNA complexes, crosslinked by UV irradi-
ation and RNase-digested, were analyzed by SDS–PAGE in a 12% gel.
Bands were quantified as indicated in the legend to Fig. 3.rostatic interactions, the NaCl concentration of the incu-
ation mixtures was sequentially increased and the sta-ility of the complexes between MBP-p23 and RNA was
uantitatively estimated by UV crosslinking and RNase
igestion. MBP-p23 strongly bound RNA between 0 and
00 mM NaCl, with the strength of the interaction grad-
ally decreasing with increasing NaCl concentrations up
o 600 mM NaCl, at which the complexes between MBP-
23 and RNA fully dissociated (Fig. 4). The NaCl concen-
ration at which binding was reduced to 50% of maximal
evels (IC50) was 260 mM, a value relatively high but
similar to those obtained for some other RNA-binding
proteins of viral origin (Brantley and Hunt, 1993; Rich-
mond et al., 1998; Marcos et al., 1999). These results
suggest that formation of the complex is not solely the
consequence of the electrostatic interactions between
the RNA and the basic region of p23.
CTV-p23 binding specificity
To determine whether the RNA-binding activity of p23
was specific for single-stranded RNA (ssRNA), the com-
petition effects of different unlabeled nucleic acids were
tested by gel retardation analysis. Figure 5 shows the
results of a typical experiment in which 8 ng of a labeled
CTV-RNA probe were incubated with 2000 ng of the
MBP-p23 protein in the presence of 25- and 250-fold
excesses of unlabeled competitors. The ability to com-
FIG. 5. Competition analysis of MBP-p23 RNA-binding ability by gel
retardation. A standard binding assay, containing MBP-p23 (2 mg) and
radioactive ssRNA probe (8 ng), was incubated for 30 min at room
temperature in the absence (lane 2) or presence (lanes 3–10) of unla-
beled competitors: ssRNA (lanes 3 and 4), dsRNA (lanes 5 and 6),
ssDNA (lanes 7 and 8), and dsDNA (lanes 9 and 10). Two levels of
competitor were used: 200 ng (lanes 3, 5, 7, and 9), and 2000 ng (lanes
4, 6, 8, and 10). Lane 1, RNA probe only. Positions of the RNA-protein
complex (C) and of the free RNA probe (P), are indicated at the right.
Although the intensity of band C in lane 10 is relatively low, in additional
experiments the intensity of this band in lanes 8 and 10 was similar.
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466 LO´PEZ ET AL.pete of ssRNA, a transcript of a chloroplastic gene, and
double-stranded RNA (dsRNA), synthetic poly(I):poly(C),
were indistinguishable (Fig. 5, lanes 3 to 6). Similar
results were obtained using as competitors ssRNA of
plus- and minus polarities from the 59- and 39-terminal
regions of the CTV RNA, or the dsRNA form of the
satellite RNA of cucumber mosaic virus (data not shown).
Conversely, ssDNAs and dsDNAs with the same se-
quences as the CTV ssRNA probes, competed much less
efficiently than the ssRNA and dsRNA (Fig. 5, lanes 7 to
10). Quantitative estimations indicated that MBP-p23
binds ss- and dsRNA with a 25- to 30-fold higher affinity
than ss- and dsDNA. These results show that the in vitro
binding of MBP-p23, although non-sequence-specific, is
considerably dependent on the type of nucleic acid.
Location of the RNA-binding domain of CTV-p23
To delimit the p23 region involved in RNA binding,
equivalent amounts of MBP-p23 and of four deleted
forms thereof (MBP-p23D50–66, MBP-p23D67–86, MBP-
p23D50–86, and MBP-p23D98–171) (Fig. 1B), were sep-
arated by SDS–PAGE, electroblotted to a nitrocellulose
membrane, renatured, and incubated with a 32P-labeled
NA probe in a Northwestern format. MBP-p23 efficiently
ound RNA (Fig. 6, lane 2), while the mutated forms with
eletions comprising the p23 basic domain (MBP-
23D50–66) and the proposed zinc-finger domain (MBP-
23D67–86) retained the ability to bind RNA, but with
pproximately half the efficiency of MBP-p23 (Fig. 6,
anes 3 and 4). When both deletions were concurrently
ntroduced, the resulting protein (MBP-p23D50–86) failed
o bind RNA (Fig. 6, lane 5). On the other hand, deletion
f a large region nearly adjacent to the proposed zinc-
inger domain (MBP-p23D98–171) did not affect RNA
inding (Fig. 6, lane 6). The MBP-b-gala protein was
unable to bind RNA (Fig. 6, lane 1), confirming previous
FIG. 6. Northwestern blot analysis of MBP-p23 and its mutated forms.
The fusion proteins (2 mg) were separated by SDS–PAGE in a 10% gel
nd transferred to a nitrocellulose membrane that was incubated with
he ssRNA probe (50 ng) and autoradiographed. Lane 1, MBP-b-gala.
ane 2, wild-type MBP-p23. Lane 3, MBP-p23D50–66. Lane 4, MBP-
23D67–86. Lane 5, MBP-p23D50–86. Lane 6, MBP-p23D98–171. Lane
, MBP-p23D67–72. Lane 8, MBP-p23C71A/H75L. Lane 9, MBP-p23C68A/
C71A. Positions of protein markers of known size (in kDa) are indicated
t the left.results obtained by gel retardation assays (Fig. 3B).
The regularly spaced cysteine and histidine residuesin the vicinity of a group of basic residues (Fig. 1B)
suggest that they may form a zinc-finger domain (Lo´pez
et al., 1998). To examine more closely the contribution of
this region to RNA binding, three additional recombinant
proteins were used: (1) MBP-p23D67–72, in which six
amino acids including the first two cysteines of the pro-
posed zinc-finger domain were deleted; (2) MBP-
p23C71A/H75L, in which the cysteine at position 71 and
the histidine at position 75 were changed into alanine
and leucine, respectively; and (3) MBP-p23C68A/C71A, in
hich the cysteines at positions 68 and 71 were changed
nto alanine. These three proteins lack conserved resi-
ues presumably involved in the coordination of the zinc
on, but their number of basic residues is unaltered. The
NA-binding ability of these three proteins was approx-
mately the same as that of the wild-type (Fig. 6, lanes 7
o 9), suggesting a minor contribution, if any, of the
roposed zinc-finger domain to RNA binding.
To address this question more precisely, a series of
el retardation assays using the wild-type MBP-p23 and
ts three mutated variants lacking the conserved cysteine
nd histidine residues were performed. Plots of the frac-
ion of unbound RNA at different protein concentrations
howed that the wild-type protein most efficiently re-
arded the ssRNA, with an apparent dissociation con-
tant (Kd), estimated from the point at which half of the
NA is bound, of approximately 8 nM (Fig. 7). The Kd
values for MBP-p23C71A/H75L, MBP-p23C68A/C71A, and
MBP-p23D67–72 proteins were 46, 22, and 49 nM, re-
spectively (Fig. 7), indicating deleterious effects in the
interaction with the ssRNA.
DISCUSSION
To study the biochemical properties of the p23 protein
encoded by the 39-proximal ORF of CTV RNA, the corre-
FIG. 7. RNA-binding curves of wild-type MBP-p23 and three variants
thereof lacking the conserved cysteine and histidine residues of the
proposed zinc-finger domain. The ssRNA probe (1 ng) was incubated
with increasing amounts (0, 15, 30, 60, 120, and 480 ng) of the fusion
proteins and analyzed by gel retardation. The fraction of unbound
ssRNA probe was quantified with a bioimage analyzer.
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467RNA-BINDING PROPERTIES OF THE CTV p23 PROTEINsponding cDNA was cloned into an expression vector.
Wild-type and mutated p23 variants were expressed in E.
coli as fusion products with MBP and purified. In gel
retardation experiments wild-type p23 bound RNA in a
non-sequence-specific manner. Binding to ssRNA ap-
peared to be cooperative because the products con-
sisted primarily of free and retarded probe, the latter near
the top of the gel (Lohman et al., 1986; Citovsky et al.,
1990). Formation of the p23-RNA complex was clearly
dependent on the native conformation of the protein and
on the presence of a basic region between positions 50
and 86, but the complex was stable at high salt concen-
trations. This suggests that interactions other than those
between the negatively charged RNA and the basic re-
gion of p23 are involved. Competition experiments
showed that p23 affinity was similar for ss- and dsRNA,
but significantly lower for ss- and dsDNA. Thus, proper-
ties of CTV-p23 are those of an RNA-binding protein.
Many structural and nonstructural proteins of plant vi-
ruses have been reported to bind RNA. This is not sur-
prising, considering that viral proteins have to function in
association with or in a close proximity to viral genomes.
Consequently, some of the unique proteins encoded in
the large genomes of closteroviruses, particularly in that
of CTV, may be endowed with the ability to bind RNA.
However, to our knowledge, CTV-p23 is the first case in
which such an ability has been experimentally proved.
Sequence analysis of the deduced amino acid se-
quence of p23 gene from several CTV isolates of differ-
ent biological characteristics and geographical origins
(Pappu et al., 1997; Lo´pez et al., 1998) have shown a
remarkable conservation of both the basic region and of
cysteine and histidine residues in the core of the pro-
posed zinc-finger domain, suggesting their functional
importance. Relevant in this context is that p23 contains
solely the three cysteine residues which are presumed
to coordinate the zinc ion. Moreover, although the basic
region of p23 plays a major role in RNA binding, muta-
tions affecting the conserved cysteine and histidine res-
idues increased the Kd values of the p23-RNA complex.
hese conserved residues might confer binding speci-
icity or increase binding stability in vivo. The 8-nM value
stimated for the Kd of MBP-p23 is within the range
reported for some viral RNA-binding proteins both se-
quence-specific, such as human inmunodeficiency virus
Tat (Kd 5 5 nM) and Rev (Kd 5 1 nM) (Burd and Dreyfuss,
994), and sequence-independent, such as the coat pro-
ein of brome mosaic virus (Kd 5 20 nM) (Jansen et al.,
1998). On this basis, we propose that the conserved p23
motif C-X2-C-X3-H-X9-C (where C stands for cysteine, H
or histidine, and X for any other amino acid residue)
dopts the structure of a zinc-finger domain (Fig. 1C)
Miller et al., 1985),
Several functional scenarios can be envisaged forTV-p23 according to its RNA-binding properties. The
resence of the particular class of zinc-finger domainroposed in p23 (CCHC) has been reported previously in
etal-binding retroviral nucleocapsids, and mutagenesis
tudies have shown the importance of this domain for
iral RNA packaging by mediating specific protein-RNA
nteractions (Berg 1986; Green and Berg, 1990). However,
similar structural role for p23 seems unlikely, consid-
ring that the CTV capsid appears to be formed only by
25 and its divergent p27 copy that cover 95 and 5% of
he viral RNA, respectively (Febres et al., 1996). The
verall structural features of p23, with a C-terminal acidic
egion (the pI of the polypeptide comprising the 54 C-
erminal residues is 4.35) in conjunction with a basic
ucleic acid-binding domain, are characteristic proper-
ies of the transactivating domains of many transcription
actors (Coleman, 1992), suggesting that p23 might have
regulatory role.
In line with this view, some of the properties exhibited
y CTV p23 are similar to those described for certain
mall cysteine-rich proteins of hordei-, furo-, tobra-, and
arlaviruses (Morozov et al., 1989; Koonin et al., 1991).
wo of these proteins have been extensively studied: the
4-kDa protein encoded by the 39-proximal ORF of the
NA 2 of Beet necrotic yellow vein virus (BNYVV) and the
7-kDa protein (p17) encoded by the 39-proximal ORF of
he RNA g of Barley stripe mosaic virus (BSMV). The
14-kDa protein (p14) from BNYVV intervenes in the cell-
to-cell movement of the virus by regulating the expres-
sion of the triple gene block proteins (Gilmer et al., 1992;
Hehn et al., 1995). In leaves infected with BNYVV, null
mutations of p14 reduced the size of local lesions and
caused a 10- to 50-fold decrease in the level of viral RNA
2; the available evidence supports that p14 acts in cis to
stimulate the accumulation of RNA 2 and also in trans as
an enhancer of viral coat protein synthesis (Hehn et al.,
1995). On the other hand, the p17 protein of BSMV has
effects on pathogenesis, cell-to-cell movement, and
gene expression (Donald and Jackson, 1994; Petty et al.,
1994). Deletion mutants of this protein induce marked
reductions of the intracellular accumulation of BSMV
RNA and major viral proteins, including the coat and
movement proteins, probably because p17 trans-acti-
vates the expression of other proteins encoded in the
RNA b during BSMV infection (Petty et al., 1990, 1994;
Donald and Jackson, 1994).
Although the exact biological role of RNA binding by
p23 cannot be inferred from these results and additional
studies need to be done, this protein presumably has a
regulatory function. The very early accumulation of the
p23-sgRNA in protoplasts (Navas-Castillo et al., 1997)
argues in favor of this view. By binding to CTV RNA, p23
might protect this very vulnerable large RNA and facili-
tate its cell-to-cell movement through plasmodesmata.
However, a better candidate for this role could be CTV-
p65, because its BYV homolog has been suggested to
mediate intercellular movement of this virus (Agranovsky
et al., 1998; Medina et al., 1999). Recent results indicate
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468 LO´PEZ ET AL.that deletion of the ten 39-proximal ORFs of CTV RNA,
including that coding for p23, results in a defective RNA
that replicates in N. benthamiana protoplasts even more
efficiently that the full-length RNA (Satyanarayana et al.,
999). Although these observations show that p23 is
ispensable for infectivity in this simplified experimental
ystem, a role for this protein in the fine-tuning of the
TV multiplication cycle in planta, for example by inter-
acting with the replication complex, cannot be excluded.
Additionally, p23 may be involved in pathogenesis like
some of the cysteine-rich viral proteins mentioned ear-
lier.
MATERIALS AND METHODS
Cloning of the CTV-p23 gene and mutated forms
thereof in an expression vector
To fuse the exact beginning of p23 gene to the malE
gene of plasmid pMal-c2 (New England Biolabs), the
fragment between nt 18394 and 19023 of the reference
genomic sequence of CTV T36 isolate (Pappu et al.,
1994; Karasev et al., 1995) was PCR-amplified from plas-
mid p12AX1 containing a complete cDNA copy of this
sequence (Navas-Castillo and Gowda, unpublished ob-
servations). PCR amplification was performed with Vent
DNA polymerase (New England Biolabs) by use of the
sense and antisense primers 59-ATGGATAATACTAGCG-
GAC-39 (nt 18394–18412) and 59-CCCCAAGCTTCAGAT-
GAAGTGGTGTTC-39 (nt 19006–19023), respectively, con-
taining a HindIII restriction site (underlined) to facilitate
cloning. The p23 start and stop codons are in bold in the
sense and antisense primers, respectively. After HindIII
treatment, the PCR-amplified fragment was ligated into
the bacterial expression vector pMal-c2 digested with
sp700 and HindIII, to generate the recombinant plasmid
Mal-p23, which was used to create a set of internal
eletions and site-specific mutations by its PCR amplifi-
ation with the Elongase enzyme mix (Life Technologies)
nd pairs of divergent primers of opposite polarities.
pMal-p23D50–66 was obtained by removing the p23
asic domain coded by the region between nt 18541 and
8591, using the antisense primer 59-CAAAGCATCG-
TAATAATGGGATTCAT-39 (nt 18514–18540) and the
ense primer 59-GTGTGCGTGGATTGCGGTAG-39 (nt
8592–18611). In pMal-p23D67–86, the proposed p23
inc-finger domain coded by nt 18592 and 18651 was
eleted using the antisense primer 59-TCCTATTAT-
CTCGCGCGAAAGC-39 (nt 18569–18591) and the sense
rimer 59-GTCAACAATACGCAGTCTCAGAACG-39 (nt
8652–18676). In pMal-p23D50–86 both the basic and the
roposed zinc-finger domains of p23 coded by the region
etween nt 18541 and 18651 were removed with the
ntisense and sense primers used to generate pMal-
23D50–66 and pMal-p23D67–86, respectively. In pMal-p23D98–171 a fragment of p23 proximal to the carboxylic
end, coded between nt 18685 and 18906, was deleted
s
nusing the antisense primer 59-CGCCACCTCGTTCT-
GAGAC-39 (nt 18666–18684) and the sense primer 59-
GCAATGTTACCGGACATCAAC-39 (nt 18907–18927). In
pMal-p23D67–72 the first two cysteines of the proposed
zinc-finger domain of p23 coded between nt 18592 and
18609 were removed with the antisense primer used to
generate pMal-p23D67–86 and the sense primer 59-
AGAAAACACGATAAGGGGTTGAAGAC-39 (nt 18610–
18635). In pMal-p23C71A/H75L plasmid, cysteine 71 and
istidine 75 of p23 were replaced by alanine and leucine,
espectively, using the antisense primer 59-TACCG-
cATCCACGCACACTCCTATTATTC-39 (nt 18581–18610)
and the sense primer 59-GAAAACtCGATAAGGGGTT-
AAGACTG-39 (nt 18611–18637), in which lowercase let-
ers indicate nucleotide substitutions. In pMal-p23C68A/
71A the cysteines 68 and 71 of p23 were replaced by
lanines using the antisense primer 59-ACGgcCACTC-
TATTATTCTCGCGCG-39 (nt 18574–18599) and the
ense primer 59-GGATgcCGGTAGAAAACACGATAAG-
G-39 (nt 18600–18626), in which lowercase letters indi-
ate nucleotide substitutions. All constructions were
onfirmed by sequencing and used to transform Esche-
ichia coli (DH5a) cells.
Expression, purification, and analysis of p23 protein
and of its mutated forms
Overnight cultures of the bacterial cells transformed
with pMal-p23, or with its derived plasmids, were diluted
1:100 into 250 ml of growth medium (23 YT medium
containing 100 mg/ml ampicilline and 0.2% glucose). Cul-
tures were incubated at 37°C until the OD600 reached 0.5,
and protein expression was induced by addition of 0.3
mM isopropylthio-b-D-galactoside and growing the cells
or 3 h at 37°C. All the subsequent steps were performed
t 4°C. Cells were collected by centrifugation at 4000 g
or 10 min, resuspended in 5 ml of column buffer (20 mM
ris-HCl [pH 7.4], 1 mM EDTA, 200 mM NaCl, 1 mM
ithiothreitol [DTT]) and ruptured by sonication. Cellular
ebris was discarded by centrifugation at 9000 g for 30
in and the supernatants, containing the fusion proteins,
ere diluted 1:5 with column buffer and loaded onto 2 ml
mylose columns (New England Biolabs) equilibrated
ith the same buffer. The unbound proteins were
ashed with 20-column volumes of the same buffer and
he column-retained products were released by supple-
enting the buffer with 10 mM maltose. Aliquots of the
urified fusion proteins were analyzed by SDS–PAGE in
2% gels (Laemmli, 1970) and stained with Coomassie
rilliant blue, and the rest stored in 10% glycerol at
70°C until use.
reparation of labeled and unlabeled nucleic acids
Recombinant pT7Blue plasmids with inserts corre-
ponding to the 59 terminus (266 nt) and 39 terminus (291
t) of the CTV T36 reference sequence in both orienta-
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469RNA-BINDING PROPERTIES OF THE CTV p23 PROTEINtions, and to a nonviral sequence of approximately 500 nt
of the chloroplastic accD gene from avocado, were pre-
ared according to standard techniques (Sambrook et
l., 1989). Nonradioactive transcriptions were carried out
n a reaction mixture (20 ml) containing 40 mM Tris–HCl
[pH 8.0], 6 mM MgCl2, 10 mM DTT, 2 mM spermidine, 1
M each of NTP, 90 U of human placental ribonuclease
nhibitor, 2 mg of the corresponding recombinant plasmid
linearized with BamHI or EcoRI), and 20 U of T7 RNA
polymerase. After 1 h at 37°C, 20 U of RNase-free DNase
were added and the incubation was followed for 30 min.
Radioactive transcriptions contained the same ingredi-
ents, except that they were supplemented with 10 mCi of
[a-32P]UTP, reducing the concentration of the unlabeled
TP to 0.1 mM. After extraction with phenol-chloroform,
he transcripts were purified through a Sephadex G-50
pin column.
For the competition experiments, two types of double-
tranded RNA (dsRNA) were used: a poly(I):poly(C) prep-
ration (Pharmacia), and the cucumber mosaic virus sat-
llite dsRNA of 335 bp. dsDNA competitors were pre-
ared by digesting the above-mentioned recombinant
T7Blue plasmids with BamHI-HindIII followed by gel
urification of the inserts. In both cases the nucleic acid
oncentration was estimated by measuring the absor-
ance at 260 nm. dsDNAs were used directly or trans-
ormed into ssDNAs by boiling and rapid cooling on ice
mmediately before use.
el retardation assays
Increasing amounts (0.075 to 6 mg) of the purified
BP-p23 fusion protein were mixed with a radioactively
abeled RNA (10 ng) in binding buffer (20 ml final volume),
onsisting of 10 mM Tris–HCl (pH 7.8), 50 mM NaCl, 1
M EDTA, 0.25% Tween 20, and 10% glycerol. When
ndicated, the NaCl concentration was modified. After
ncubation at room temperature for 30 min, the reaction
roducts were separated by PAGE in nondenaturing gels
5% acrylamide, acrylamide to bisacrylamide ratio 39:1)
n TAE buffer. The gels were then dried and scanned with
bioimage analyzer (Fuji BAS 1500) or exposed to X-ray
ilms and autoradiographed. For nucleic acid competition
xperiments, 2 mg of the MBP-p23 protein and 8 ng of the
adioactive riboprobe were incubated as described ear-
ier, with the exception that increasing amounts of unla-
eled competitors were incorporated into the reaction
ixture prior to the addition of the MBP-p23 protein.
V crosslinking
Mixtures of the MBP-p23 fusion protein and labeled
iboprobes prepared and incubated as described for the
el retardation assays were UV-irradiated with 1.8 J of UV
ight in a Stratalinker 1800 (Stratagene). The resulting
dducts were digested with 3 mg of RNase A for 30 min
t 37°C, mixed with one volume of loading buffer, andnalyzed by SDS–PAGE in 12% gels (Citovsky et al.,
990), which were then dried and scanned or autoradio-
raphed.
orthwestern assays
Normalized amounts of the purified MBP-p23 protein
nd its mutated forms, as well as the MBP-b-gala pro-
ein, were separated by SDS–PAGE in 10 or 12% gels and
lectroblotted to nitrocellulose membranes. The trans-
erred proteins were visualized by Ponceau-S staining.
orthwestern blot analysis was performed as described
reviously (Ferna´ndez et al., 1995). Briefly, the mem-
ranes were incubated and probed at room temperature
n renaturation (RN) buffer (10 mM Tris–HCl [pH 7.5], 1
M EDTA, 50 mM NaCl, 0.1% Triton X-100, and 13
enhardt solution). The 32P-labeled RNA probes, ob-
tained by in vitro transcription, corresponded to the 39-
erminal regions of the CTV RNA plus and minus strands
ndicated previously. After three washes with RN buffer,
he nitrocellulose membranes were dried and scanned
r autoradiographed.
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